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BAKER BOTTS L.L.P. 
30 ROCKEFELLER PLAZA 
NEW YORK, NEW YORK 10112-4498 



TO ALL WHOM IT MAY CONCERN: 

Be it known that WE, Gunter Fuhr, Thomas Schnelle, Rolf Hagedorn and Torsten 
Muller, citizens of Germany, whose post office addresses are Kavaierstrape 15, D-13187 Berlin, 
Germany; Koppenstrape 65, D-10243, Berlin Germany; Wartiner Strape 16, D-13057, Berlin, 
Germany; and Hartriegelstrape 39, D- 12439 Berlin, Germany, respectively, have invented an 
improvement in 

ELECTRODE ARRANGEMENTS FOR GENERATING FUNCTIONAL FIELD 

BARRIERS IN MICROSYSTEMS 

of which the following is a 

SUBSTITUTE SPECIFICATION 

[0001] The invention relates to electrode arrangements for generating functional field barriers 
in microsystems adapted for manipulation of suspended particles, in particular functional 
microelectrodes for dielectrophoretic deflection of microscopic particles, and microsystems 
equipped with such electrode arrangements as well as their applications. 

BACKGROUND OF THE INVENTION 
[0002] Manipulation of suspended particles in fluidic microsystems is generally known and 
has for example been described by G. Fuhr et al in "Naturwissenschaften", vol. 81, 1994, p. 528 
ff. The microsystems form in particular channel structures through which a suspension fluid 
flows with the particles to be manipulated. As a rule the cross-sectional area of these channel 
structures is rectangular, with the width of the channel walls, which in operating position form 
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the top and bottom (bottom/cover surfaces), being greater than the lateral channel walls (lateral 
surfaces). In the channel structures, microelectrodes are affixed to the channel walls, with high- 
frequency electrical fields being applied to said microelectrodes. Under the influence of the 
high-frequency electrical fields, based on negative or positive dielectrophoresis, polarisation 
forces are generated in the suspended particles, said polarisation forces making possible 
repulsion from the electrodes and, acting in combination with flow forces in the suspension 
liquid, making possible manipulation of the particles in the channel. As a rule, the 
microelectrodes of conventional microsystems are applied as straight electrode bands to the 
wider channel walls. 

[0003] To generate the high-frequency electrical fields effective for dielectrophoresis, in each 
instance two electrode bands act in combination, said electrode bands being located at opposite 
channel walls, both with the same shape and alignment. For example the straight electrode 
bands are aligned parallel to the alignment of the channel i.e. the direction of flow of the 
suspension liquid in the respective channel section or at a predetermined angle transversely to the 
alignment of the channel. For an effective and safe formation of polaris at ion forces at the 
particles, the length of the electrode bands exceeds the characteristic dimensions of the particles 
to be manipulated many times over (by a factor of approx. 20 to 50) . 

[0004] Conventional microsystems have disadvantages in relation to the effectiveness of 
generating polarisation forces; the stability and longevity of the microelectrodes; and a limited 
ability of generating force gradients within the channel structure. These disadvantages are in 
particular linked to the electrode bands which are formed along comparatively long lengths in the 
channel. The longer an electrode band, the longer a particle flowing past is in the sphere of 
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influence of the electrode band. Consequently, the effectiveness of the respective microelectrode 
or the field barrier generated by said microelectrode, increases. However, long electrode bands 
are also more susceptible to malfunction. Faults in workmanship or mechanical loads can cause 
interruptions which lead to electrode failure. Furthermore, to achieve a force effect which 
remains constant along the length of the channel, and thus a reproducible force effect, 
microelectrodes have so far been limited to the above-mentioned straight electrode shape. 

[0005] Due to the disadvantages mentioned, the application of said fluidic microsystems with 
dielectrophoretic particle manipulation has been limited to guiding the particles in the channel 
structure or to deflecting particles from a given flow. 

SUMMARY OF THE INVENTION 
[0006] It is the object of the invention to provide improved micro systems for dielectrophoretic 
particle deflection, with said arrangements being suitable to overcome the disadvantages of 
conventional microsystems, and in particular providing enlarged applications and making it 
possible to generate field barriers which are also effective in covering shorter channel sections. 
Furthermore it is the object of the invention to provide novel applications for such microsystems. 

[0007] A microsystem according to the invention is in particular adapted to create field 
barriers in the microsystem along predetermined reference surfaces, said field barriers extending 
at least partly beyond the width of a channel in the microsystem, and comprising predetermined 
curvatures relative to the longitudinal extension of the channel, to the direction of flow of the 
suspension liquid in the channel or to the direction of movement of the (non-deflected) particles. 
In this context the term "reference surface" not only describes a two-dimensional formation but 
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also a spatial region to which the field effect of the respective microelectrodes extends and in 
which the field barrier for dielectric influencing of the microscopic particles in the microsystem 
is formed. This spatial region essentially corresponds to a region through which the field lines of 
the effective microelectrodes pass; in the case of microelectrode pairs acting in combination, said 
spatial region essentially passes as a curved hypersurface between the microelectrodes, while in 
the case of individually acting microelectrodes it acts as a hypersurface encompassing the field 
line distribution of the individually acting microelectrode. Reference surfaces define the 
locations where polarisation forces in the microscopic particles can effectively be generated. 
The microelectrodes are designed such that the reference surfaces, depending on the desired 
function of the respective micro electrodes, have a predetermined curvature in relation to the 
direction of movement of the particles in the microsystem, so that an optimal combined effect of 
the polarisation forces and of the mechanical forces is achieved. Therefore the field barriers are 
also referred to as functional field barriers. The term "curvature" used here does not refer to the 
curvature of field lines on straight microelectrodes as a result of the field lines exiting into the 
adjacent space. But rather, "curvature" refers to the shape of the field barriers formed on 
microelectrodes. 

[0008] Preferably, the field barriers with the reference surfaces curved according to the 
invention are formed according to one of the following three basic forms. According to a first 
variant, an electrode arrangement according to the invention comprises at least one band-shaped, 
curved microelectrode extending on the wider channel wall (bottom surface and/or cover 
surface), at least partly across the channel width. In a second variant, at least one microelectrode 
is provided which is affixed to the narrower channel wall (lateral surface). In the third variant, at 
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least one microelectrode is affixed to the bottom surface and/or the cover surface of the channel 
and at least one auxiliary electrode is affixed at a distance from the bottom surface or lateral 
surface of the channel. The auxiliary electrode supplies a deformation of the field lines 
emanating from the microelectrode or from the microelectrodes at the bottom surfaces or the side 
surfaces of the channel so that the reference surfaces curved according to the invention, are 
formed. In all the variants, the respective electrodes (microelectrodes, auxiliary electrodes) per 
se can be band-shaped or point-shaped or area-shaped. The electrode arrangements of the 
second and third variant are also referred to as three-dimensional electrode arrangements, 
because microelectrodes are used which protrude from the planes of the bottom surfaces or 
lateral surfaces of the channel or which are arranged at a distance from said surfaces. 

[0009] It is thus a subject of the invention, to optimise microelectrodes in relation to their 
effect on suspended particles which may comprise natural or synthetic particles, e.g. for 
generating maximum forces while at the same time causing minimum electrical losses. 

[0010] The invention provides the following advantages. The design of the microelectrodes 
can e.g. be adapted to the flow profile in the suspension liquid. This provides the advantage that 
the microelectrodes can be shorter and can be designed for generating lesser barriers while being 
equally as effective as conventional microelectrodes in the shape of straight bands. This has an 
advantageous effect on the lifetime and function of the microelectrodes and thus of the entire 
microsystems. Moreover the space available in a microsystem can be used more effectively. 
Furthermore, electrode arrangements are provided with which gradients can be generated, and 
thus depending on the respective channel region, forces of various strength can be generated. It 
is for example provided for the field barriers of the microelectrodes to be designed such that 
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larger polarisation forces act upon the particles in the middle of the channel when compared to 
the particles at the edge of the channel. 

[0011] The creation of field barriers according to the invention along curved reference surfaces 
also makes it possible to create novel applications of microsystems, in particular for guiding 
suspended particles into particular channel regions, for sorting suspended particles according to 
their passive electrical properties or for collecting or retaining suspended particles in particular 
channel sections. For this latter application, the microelectrodes are designed so as to comprise a 
geometric shape for retaining particles in a solution flow or for generating a particle formation. 
All the applications mentioned provide contactless manipulation of the suspended particles vis-a- 
vis the microsystem, a feature which is significant in particular for manipulating biological cells 
or cell components. 

[0012] Preferred applications are in the field of microsystem technology for separation, 
manipulation, loading, fusion, permeation, pair formation and aggregate formation of 
microscopic small particles. 

[0013] According to a particular embodiment of the invention, particle movement takes place 
in a microsystem with conventional electrode shapes or electrode shapes according to the 
invention, under the influence of centrifugal forces and/or gravitational forces. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0014] Further details and advantages of the invention are provided in the drawings which are 
described below. The following are shown: 
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[0015] Figure la to Id illustrates a diagrammatic perspective views of a channel structure with 
microelectrodes for generating field barriers in a microchannel and examples of reference 
surfaces curved according to the invention; 

[0016] Figure 2 illustrates a diagrammatic top view of band-shaped curved microelectrodes; 

[0017] Figure 3 illustrates a diagrammatic top view of a modified design of band-shaped 
curved microelectrodes; 

[0018] Figures 4a to 4c illustrates diagrammatic views for illustrating sorting electrodes for 
particle sorting; 

[0019] Figures 5a to 5b illustrates diagrammatic views of microelectrodes for generating field 
gradients; 

[0020] Figures 6a to 6e illustrates diagrammatic views of band-shaped collecting electrodes 
according to the invention; 

[0021] Figures 7a to 7c illustrates further embodiments of collecting electrodes according to 
the invention; 

[0022] Figures 8 illustrates a top view of various electrode arrangements for generating curved 
field barriers; 

[0023] Figures 9 is corresponding to Figure Id; 

[0024] Figure 10 illustrates a diagrammatic top view of a segmented electrode arrangement; 
and 
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DETAILED DESCRIPTION OF THE INVENTION 
[0025] Fig. la diagrammatically shows an example of an embodiment of microelectrodes for 
generating field barriers in microchannels. The fluidic microsystem 20 is shown in sections in 
distorted perspective lateral view of a channel structure. The channel 21 is formed by two 
spacers 23 arranged at a distance on a substrate 22, spacers 23 supporting a cover part 24. The 
width and height of the channel is approx. 200 pm and 40 pm respectively but they can also be 
less. Such structures are for example made using process techniques of semiconductor 
technology which are known per see The substrate 22 forms the bottom surface 21a of the 
channel 21. Accordingly the cover surface (for reasons of clarity not specially emphasised) is 
formed by the cover part 24. The electrode arrangement 10 comprises microelectrodes 11,12 
attached to the bottom surface 21a or the cover surface. Each of the microelectrodes 11,12 
comprises curved electrode bands which are described in more detail below. 

[0026] In Fig. la the electrode bands form an electrode structure which is explained in detail 
below, with reference to Fig. 2. The other embodiments, described below, of electrode 
arrangement according to the invention, can be affixed to the bottom, cover and/or lateral 
surfaces of the channel 21. A suspension liquid flows through the microchannel 21 (from left to 
right in the illustration), with particles 30 being suspended in said suspension liquid. For 
example, it is the task of the electrode arrangement 10 shown in Fig. la, to lead the particles 30 
from various tracks of movement within the channel to a middle track of movement according to 
arrow A. To this effect electrical potential is applied to the microelectrodes 11,12 such that 
electrical field barriers are generated in the channel which force the particles flowing from the 
right, to move to the middle of the channel (direction of arrows B). 
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[0027] Typical dimensions of the microelectrodes 1 1, 12 are 0.1 to some tens of micrometers 
(typically 5 ... 10 pm) in width, 100 nm to a few micrometers (typically 200 nm) in thickness, 
and up to several hundred micrometers in length. Due to the small thickness of the electrodes, 
the interior of the channel 21 is not restricted by the top and bottom of the parts 23, 24 of the 
electrodes processed. Part 23 is a spacer whose structure forms the lateral channel walls. 

[0028] The microelectrodes 11, 12 are selected by means of high-frequency electrical signals 
(typically at a frequency in the MHz range and at an amplitude in the volt range). The respective 
opposite electrodes 11a, lib form a control pair although also the electrodes aligned in one plane 
can combine the effect of their selection action (phase, frequency, amplitude). The electrical 
high-frequency field generated through the channel 21, i.e. perpendicular to the direction of flow, 
acts in a polarising way on the suspended particles 30 (which can also be living cells or .viruses). 
At the frequencies mentioned and with suitable conductivity of the suspension liquid surrounding 
the particles, the particles are repulsed by the electrodes. In this way the hydrodynamically open 
channel 21 can be structured via the electrical fields with a switch-on and switch-off action, or 
compartmentalised, or the tracks of movement of the particles in the passive flow field can be 
influenced. Furthermore, it is possible, despite the permanent flow, to slow down the particles or 
to position them on station without touching a surface. The type and implementation of the 
electrode arrangement formed for this purpose also forms part of the invention. 

[0029] Below, different forms of electrode arrangements according to the invention are 
described. For reasons of clarity, Figures 2 to 13 may only show a planar electrode arrangement 
(or parts thereof), e.g. on the bottom surface of the channel. 
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[0030] Figs, lb to lc show the basic forms of field barriers or electromagnetic limitations 
which are implemented with electrode arrangements according to the invention corresponding to 
the above-mentioned variants. The illustrations are schematic diagrams of the reference surfaces 
on which the field barriers are formed with microelectrodes according to the invention. For the 
sake of clarity, only parts of the lateral surface (spacers 23) and of the bottom surface 21a of the 
channel, the microelectrodes 11,12 and the shape of the reference surfaces (hatched), are shown. 

[0031] According to the above-mentioned first variant, the field barrier in the channel is 
formed between two curved microelectrodes 11, 12 on the bottom or cover surfaces of the 
channel (Fig. lb). Accordingly, the reference surface of the field barrier (shown hatched) is a 
curved surface positioned vertically against the bottom and cover surfaces. If the 
microelectrodes 1 1, 12 are for example curved according to a particular hyperbolic flow profile 
(see below), then the reference surface forms the cutout of the generated surface of a hyperbolic 
cylinder. If the microelectrodes 11, 12 are not arranged exactly on top of each other, then the 
reference surface is also oblique-angled in relation to the bottom and cover surfaces of the 
channel. 

[0032] According to Fig. lc, the reference surface, shown hatched, shows a spatial region 
impinged on by field lines extending from one microelectrode 1 1 at a lateral surface of the 
channel to a microelectrode 12 at the opposite lateral surface. In the example shown, the surface 
of the first microelectrode 1 1 is larger than that of the second microelectrode 12 so that there is a 
field line concentration at microelectrode 12. Consequently, the polarisation forces acting from 
the field barrier on suspended particles are larger near the second microelectrode 12 than near the 
first microelectrode 1 1 (see also Fig. 9). 
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[0033] Fig. Id shows the above-mentioned third variant with a three-dimensional electrode 
arrangement. The microelectrodes 1 1, 12 are on the bottom or cover surfaces of the channel 
while the auxiliary electrode 13 with a suitable confinement is arranged in the middle of the 
channel (see also Fig. 10). As a result of the auxiliary electrode 13, the field lines between the 
microelectrodes 1 1, 12 are distorted, resulting in the curved reference surface, shown hatched 
(shown in part only). 

[0034] The illustrated reference surfaces only represent the positions of the field barriers 
without illustrating the forces acting in the respective regions, i.e. the height of the field barriers. 
Essentially the acting forces depend on the density of the field lines and the passive electrical 
characteristics of the particles to be manipulated in the respective channel region. The functional 
field barriers according to the invention are thus influenced by the geometric shape of the 
microelectrodes which combine their effect, both in relation to their shape (curvatures etc.) 
because the dielectrophoretic repulsion forces are essentially positioned perpendicular to the 
reference surfaces, and in relation to their areas (field line density) . 

[0035] Fig. 2 shows an electrode arrangement 10 according to the invention according to the 
above-mentioned first variant. Microelectrodes 1 la, 1 lb are arranged on the bottom surface 21a 
of the channel of a microsystem, said channel being laterally delimited by the spacers 23. High- 
frequency electrical potential is applied to the microelectrodes 1 la, 1 lb via the control lines 14; 
said microelectrodes 11a, 1 lb act in combination to form a so-called particle funnel as follows. 

[0036] The electrode arrangement 10 is intended to touchlessly focus, onto the middle line of 
the channel, the particles 30a flowing along the entire width of the channel or the entire volume, 
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as is shown by the position of particle 30b. This arrangement has the advantage of optimising 
the electrode bands in relation to ensuring deflection (focussing) of the suspended particles, a 
shortening of the electrode arrangement in longitudinal direction of the channel and a reduction 
in electrical losses at the microelectrodes. 

[0037] In this embodiment of the invention, the basic idea of the design of the microelectrodes 
consists of adapting the curvature of the reference surfaces formed by the field barrier, to the 
flow forces in the channel. For in microsystems with channel dimensions below 500 pm, due to 
the Reynolds number being low at these dimensions, laminar flows with predefined flow profiles 
form. The flow speed near the channel walls is lower than that in the middle of the channel 
(flow speed directly at the channel wall equals zero). As a result, the flow forces occurring near 
the channel walls are less than those in the middle of the channel. This makes it possible to 
manipulate the particles at the edge of the channel with lesser polarisation forces or with 
polarisation forces more steeply directed against the flow forces than in the middle of the 
channel. The combined effect of the flow forces and polarisation forces is explained below. If 
essentially the same polarisation forces are formed along the entire length of the microelectrodes, 
it is sufficient for safe deflection, for the particles to be manipulated, at the edge of the channel to 
encounter microelectrodes protruding more steeply into the channel than they do in the middle of 
the channel. This makes it possible to achieve a significant shortening of the microelectrodes 
(see below) 

[0038] In Fig. 2 the forces acting on the particles are illustrated as an example in individual 
sections of the microelectrode 1 la. The respective total force is composed from the electrically- 
induced repulsion force Fp (polarisation force) and the driving force Fs which is exerted by the 
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flow of the suspension liquid or from the exterior (e.g. in centrifugal systems as centrifugal 
force). The resulting total force FR results from vector addition of forces Fp and Fs. If the 
vector of the total forces FR does not intersect the field barrier of the micro electrode 1 la, then a 
particle is safely deflected. The force diagrams in Fig. 2 illustrate that the driving force Fs 
increases towards the middle of the channel. To meet the above-mentioned condition of safe 
particle deflection, accordingly the angle between the alignment of the microelectrode 11a and 
the longitudinal direction of the channel changes from a steeper angle at the edge of the channel 
to a shallow angle (near-parallelity) in the middle of the channel. 

[0039] Thus the microelectrodes 11a, 1 lb are curved depending on the flow profile. In the 
embodiment shown, each of the band-shaped microelectrodes consists of a multitude of straight 
electrode sections. But in a variation of this embodiment, a steady curvature can be provided. 
Corresponding to the parabolic or hyperbolic flow profile occurring in laminar flows, the 
curvature is also parabolic or hyperbolic. 

[0040] According to the invention, the microelectrodes 1 la, lib form the field barriers along a 
curved reference surface. 

[0041] The microelectrodes 1 lc, 1 Id are not provided for in practical application; in the 
illustration they serve the purpose of comparing an arrangement according to the invention of 
polygonally curved microelectrodes with straight electrode bands providing the same deflection 
performance. It has been found that the microelectrodes 1 la, 1 lb according to the invention are 
considerably shorter. 
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[0042] The narrow electrode bands shown in Fig. 2 are very sensitive to faults in workmanship 
and local interruptions. A hairline crack at the shoulder of a band-shaped microelectrode leads to 
failure of the entire microelectrode. This can be overcome by an electrode design as shown 
diagrammatically in Fig. 3. The structuring and covering technique described in relation to Fig. 
3 can also be implemented with other embodiments of the invention. 

[0043] Fig. 3 shows a microelectrode 1 1 with a control line 14. The electrode 1 1 consists of 
an electrically conductive layer 15 which carries an electrically non-conductive insulation layer 
or cover layer 16. The insulation layer 16 comprises structured recesses which expose the layer 
15. In Fig. 3 the insulation layer 16 is shown hatched, while the (e.g. metallic) layer 15 is shown 
in black. Structuring of the insulation layer takes place according to the desired form of 
microelectrodes which in the example shown are arranged to form a particle funnel as shown in 
Fig. 2. The electrical field lines emanate from the metallic layer 15 into the channel only in the 
regions of the recesses, so that again field barriers with reference surfaces that are curved in an 
application-specific way are formed. This arrangement has the advantage that a small 
interruption of the exposed sections of the metallic layer 15 (i.e. of the microelectrode) does not 
lead to failure because the respective potential is also applied to the remaining metallic layer 15. 
For example the thickness of the layer 15 is approx. 50 nm to several pm, typically approx. 200 
nm. The thickness of the insulation layer is around 100 nm to several pm. Preferably the 
insulation layer comprises biocompatible materials (e.g. oxides, Si02, SiN03 and the like, 
polymers, tantalum compounds or the like). 

[0044] Below, a further embodiment of the electrode arrangement 10 according to the above- 
mentioned first variant is explained with reference to Figs. 4a to 4c. An important application of 
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fluidic microsystems consists of sorting the suspended particles depending on their passive 
electrical characteristics (hereafter referred to as polarisation characteristics during negative 
dielectrophoresis). Polarisation characteristics depend on the dielectric properties of the particles 
and their dimensions. The dielectric characteristics of biological cells are a sensitive indicator of 
certain cell characteristics or cell changes which per se could not be detected for example by 
monitoring cell size. 

[0045] Sorting of particles depending on their passive electrical characteristics is based on the 
following principle. Whether or not a particle can pass the field barrier formed by a sorting 
electrode depends on whether or not the resulting force from driving force Fs and polarising 
force Fp (see above) intersects the field barrier. If the resulting total force FR points through the 
field barrier, then the particle moves in this direction, i.e. the sorting electrode is passed. 
However if the resulting force FR points to a region located upstream in relation to the sorting 
electrode, then the particle will move in this direction and will not be able to pass the sorting 
electrode. As explained above, the resulting force FR depends on the flow speed in the channel 
and thus the x position of the particles. The flow speed increases towards the middle of the 
channel. Thus particles of relatively high polarisability which cannot pass the sorting electrode 
at the edge of the channel, are subjected to a stronger driving force Fs towards the middle of the 
channel, so that they may then possibly move past the sorting electrode. The change in flow 
speed in x-direction follows the flow profile; as a rule it is non-linear. Accordingly, the use of a 
straight sorting electrode would result in non-linear separation behaviour. The implementation 
of curved field barriers according to the invention compensates for this. To this effect, 
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microelectrodes 41a, 41b with a curvature depending on the flow profile are used according to 
the principles explained with reference to Fig. 2. 

[0046] Fig. 4a shows two examples of curved microelectrodes 41a, 41b on the bottom surface 
21a of a channel between lateral spacers 23. The flow in the channel is in y direction from left to 
right, with the arrows v showing the speed-flow profile in the channel. Upstream, in front of the 
actual sorting electrode 41a or 41b there is a straight microelectrode 47 whose task is to focus to 
a start line s, the particles 30 flowing in from the left. The microelectrode 47 can also be 
designated a focussing electrode. It can be a straight conventional deflector electrode (as shown) 
or a curved deflector electrode. Downstream of the focussing electrode 47, one of the sorting 
electrodes 41a or 41b is arranged whose task consists of leading the inflowing particles 30 into 
different tracks in x-direction in the channel, depending on their polarisation characteristics. 
Particles with a high polarisability should move onward in different tracks in y-direction than 
particles with a low polarisability 30b. 

[0047] The sorting electrode 41a is set up for linear force effect. For this purpose the 
curvature of the microelectrode is shaped according to the flow profile. If the flow speed is low, 
the setting angle between the microelectrode and the y-direction is steep; if the flow speed is 
high, the setting angle is more shallow. Thus the microelectrode 41a is S-shaped with a turning 
point in the middle of the channel. After a particle has passed the sorting electrode 41a there is a 
linear relationship between the x-co-ordinate of the particle and its polarisability. If a non-linear 
sorting effect is intended, then the microelectrode can be curved like the sorting electrode 1 lb. 
The curvature is less pronounced than is the case with sorting electrode 1 la so that the influence 
of the driving force Fs is not compensated for by the flow speed. Depending on the relationships 
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set, a non-linear influence arises between the x-position of the particles and their polarisability 
after passing the sorting electrode 1 lb. This configuration can in particular be used to separate 
two particle types of different polarisability. 

[0048] Results of experiments show that with a sorting arrangement according to Fig. 4a, it 
was possible to neatly separate erythrocytes from so-called Jurkart cells, although both cell types 
were of the same size. 

[0049] If the flow profile in the channel is not distinctly parabolic in shape as shown in Fig. 4a, 
but instead is plateau shaped, then sorting electrodes 41c, 41 d according to Fig. 4b are provided. 
The flow speed first increases from the direction of the edge of the channel before remaining 
essentially constant in the middle section of the channel. So as to achieve a linear sorting effect, 
the band shape of sorting electrode 41a is straight, while at its ends there are curvatures to take 
into account the changing driving force Fs. For a non-linear sorting effect, the sorting electrode 
41d is curved. From the shoulder of the sorting electrode 41 d at the control connection 14 to its 
end there is an increasing effect of the field barrier. 

[0050] The shape of the sorting electrodes can also be adapted to more complicated flow 
profiles as is shown in Fig. 4c. In the microsystem 20 a first channel 211 with a high flow speed 
and a second channel 212 with a lesser flow speed join to form a joint channel 21 . Due to the 
laminarity of the flow, the flow profile at first remains intact also in the common flow path. 
Accordingly, the sorting electrodes 41 e or 41 f are curved so as to achieve a particular linear or 
non-linear sorting effect. The lower the flow speed, the higher the setting angle between the 
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direction of the microelectrode (alignment of the reference surface) and the longitudinal direction 
of the channel (y-direction). 

[0051] For reasons of clarity, the focussing electrode 47 according to Fig. 4a, is not shown in 
Figs. 4b and 4c. 

[0052] The above-mentioned sorting takes place with the assumption that the potential is 
constant along the entire length of the microelectrode. In reality however, small electrical losses 
occur along the microelectrode so that the field barrier becomes progressively smaller from the 
shoulder of the microelectrode (at the control line) towards its end. This phenomenon can be 
taken into account in the curvature of the sorting electrodes in that at the side of the control line 
of the channel, a larger electrode curvature is provided than at the end of the sorting electrodes. 
But the phenomenon mentioned can also be purposefully used for additional non-linear 
separation effects. By using modified embodiments, the loss of potential towards the end of the 
microelectrodes can be amplified especially as a result of measures for forming field gradients. 
This means that the height of the field barrier formed by the microelectrode increases or 
decreases along the curved electrode band. Such gradient electrodes can be designed in a shape 
according to Fig. 5. 

[0053] For particle sorting in relation to various groups of characteristics, several sorting 
electrodes according to Fig. 4 can be arranged in sequence in the direction of the channel. A 
characteristic potential or potential gradient at a predetermined frequency is applied to each 
sorting electrode. For example relatively low frequencies (in the region of approx. 10 kHz) can 
be used for sorting in relation to various dielectric membrane characteristics, and high 
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frequencies (above 100 kHz) can be used for sorting depending on the cytoplasmatic 
conductivity of biological cells. 

[0054] Fig. 5 shows gradient electrodes 51a, 51b; for the sake of clarity, the electrode bands 
are straight. To set field barriers according to the invention, with curved surfaces, the gradient 
electrodes shown additionally comprise a characteristic application-specific curvature according 
to the principles explained above. 

[0055] The gradient electrode 51a is formed by a closed electrode band around a triangular 
surface. As the distance from the control line 14 increases, the field line density is reduced in 
line with the fanning out of the triangle. The same applies to the gradient electrode 51b with two 
diverging partial bands 51 lb and 512b. 

[0056] The collection and at least temporary arrangement of particles or particle groups in the 
channel through which suspension liquid flows, is a further important application of fluidic 
microsystems. To this effect, electrode arrangements according to the invention are shaped as 
collecting electrodes as is explained below with reference to Figs. 6 to 8. 

[0057] Fig. 6a shows the basic shape of a collecting electrode. Again, only one microelectrode 
on the bottom or cover surface of a channel is shown, which acts in combination with that of a 
second microelectrode located at the opposite side of the channel. A collecting electrode 61a 
comprises an electrode band with an angle section 611a and a supply section 612a. The angle 
section 611a forms an angle pointing in the direction of flow (x-direction). The opening angle of 
the angle section 61 la is selected depending on the shape of the particles to be collected; 
preferably the opening angle is less than 90°, e.g. ranging from 20 to 60°. The opposing angle 
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sections of electrodes whose effect is combined, form a barrier which the particles 30 to be 
collected cannot pass despite the driving force of the flow. This barrier is maintained as long as 
the collecting electrodes remain selected. The supply section 612a is electrically ineffective as a 
result of an insulation layer 16. Fig. 6b shows a modified embodiment of a collecting electrode 
61b which is made with reference to the cover technique explained above with reference to Fig. 
3. The electrically effective angle section 61 lb is formed by a recess in the insulation layer 16 as 
a result of which a deeper metallic layer 15 is exposed towards the suspension liquid containing 
the particles. 

[0058] Figs. 6c and 6d show corresponding collecting electrodes 61c and 6 Id, each comprising 
a multitude of angle sections 61 lc or 61 Id. These angle sections are again set to collect 
inflowing particles 30. By adjoining the angle sections 61 lc or 61 Id across the longitudinal 
direction (x-direction) of the channel, the particles flowing in the various channel sections can be 
collected selectively. A collecting electrode 61c or 61d is advantageously combined with one of 
the sorting electrodes according to Figs. 4a to 4c. The sorted particles are separately collected in 
the individual collection regions of the collection electrodes. The collection electrode 61d 
essentially corresponds to the collection electrode 61c. This completes implementation of the 
entire cover technique. 

[0059] The collection electrodes 61c or 61 d are particularly well suited to line up particles in 
the suspension flow in the manner of a start line from which the particles flow onward 
simultaneously when the control potential of the collection electrodes is switched off. 
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[0060] Fig. 6e shows a further embodiment of a collection electrode 61e where a multitude of 
angle sections 61 le is also provided, but with the angle sections being designed for collecting or 
gathering particles of various sizes or various sized accumulations of such particles. 

[0061] Fig. 7a shows the accumulation of a particle group 300 using a collecting electrode 71a. 
This embodiment of a collecting electrode differs from the collecting electrode according to Fig. 
6a only in its dimensions. This design is particularly well suited to the formation of particle 
aggregates. Again, preferably a combination with a sorting arrangement according to Figs. 4a to 
4c is implemented. 

[0062] The electrode arrangement according to Fig. 7b is configured for separate collection of 
particles or particle groups from the suspension flow in the channel which differ in relation to 
their flow track in x-direction. The microelectrode arrangement 71b comprises several partial 
collection electrodes each with an angle section 71 lb, whereby each partial collection electrode 
can be selected separately. When combining such a collecting electrode arrangement with a 
sorting arrangement according to Figs. 4a to 4c, the following method can be implemented with 
particular advantage. 

[0063] First a particle mixture which flows through the channel in the microsystem is sorted 
depending on the passive electrical characteristics of the particles, and in this way is guided to 
various tracks mutually spaced apart in x-direction. Then in a collection electrode according to 
Fig. 7b, particle-type specific collection of the particles flowing in the individual tracks takes 
place. By releasing the partial collection electrodes according to a time sequence (in each 
instance by switching off the control potential), the previously sorted particles can flow on in 
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groups in the microsystem. Downstream, the channel can for example be split into several sub- 
channels, with the groups of particle types specifically being directed to said sub-channels. 

[0064] Fig. 7c shows a further collecting electrode 71c for generating a predetermined particle 
formation. 

[0065] Depending on the application, the angle sections of the collecting electrodes shown in 
Figs. 6 and 7 can extend across the entire width of the channel or only across parts of the 
channel. Within an electrode arrangement, collecting electrodes can be provided for individual 
particles and/or for particle groups. 

[0066] Further embodiments of combined sorting electrodes and collection electrodes are 
shown in Fig. 8 in top view of the bottom surface 21a of a channel delimited by spacers 23. The 
suspension liquid with suspended particles flows through the channel in y-direction. According 
to Fig. 8a an area-shaped microelectrode 81a on the bottom surface 21a and a straight band- 
shaped microelectrode 82a (shown by a dashed line) on the opposite surface of the channel, act 
in combination. The planar-shaped microelectrode 81a has been produced using the cover 
technique explained above. A metallic layer supports an insulation layer with a recess according 
to the shape of the microelectrode 81a (drawn in black). The field lines between the 
microelectrodes 81a and 82a are inhomogenously aligned across the direction of flow, resulting 
in an asymmetric field barrier or again a reference surface which is curved according to the 
invention. In the middle of the channel the field line density is largest so that the electrically 
generated forces are located in the region of the highest flow speed. In this way an essentially 
constant balance between the driving force resulting from the flow and the electrical polarisation 
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force is formed in x-direction across the width of the channel. According to Fig. 8b, again a field 
barrier with a curved reference surface is formed. The microelectrodes 81b, 82b are both 
designed so as to be linear or band-shaped, they are not arranged in opposite positions but 
instead offset in relation to each other. 

[0067] Fig. 8c shows an electrode arrangement for forming particle aggregates. The 
microelectrodes 81c, 82c form a number of funnel-shaped particle collectors arranged side by 
side. Each particle collector 81 is formed by a field barrier which in the direction of the flow of 
liquid first narrows in the form of a funnel before discharging into a straight channel section 812. 
The channel section is dimensioned such that two particles can be arranged one behind the other 
in the direction of flow. Due to the formation of adhesion forces, the particles form an aggregate 
(so called pair-loading in the direction of flow). The embodiment according to Fig. 8d is a 
modified version in that pair-loading takes place across the direction of flow. The individual 
collector elements 81 Id comprise electrode tips 813d on the inlet side. With these electrode tips 
813d an additional barrier effect or filter effect can be achieved, and already existing aggregates 
or larger particles 30d can be precluded from assembling in the collecting electrode 8 Id. 

[0068] Fig. 9 (corresponding to Fig. Id) shows an embodiment of an electrode arrangement 
according to the above-mentioned third variant. In a microsystem, again two sub-channels 211, 
212 extend parallel to each other and separated from each other by a separation wall 231 
comprising an aperture 232. The electrode arrangement according to the invention comprises 
microelectrodes on the bottom surfaces and cover surfaces in the form of focussing electrodes 
101, 102 and the auxiliary electrode 103. The auxiliary electrode is arranged at the separation 
wall 231, adjacent to the aperture 232, on the downstream side of the aperture 232. The auxiliary 
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electrode 103 does not comprise a control line. It merely serves to form the reference surface of 
the field barriers formed by the electrode arrangement. The effect of the microelectrodes is 
combined as follows. 

[0069] Focussing electrodes 101 and 102 are used to focus the particles 30a, 30b, flowing in 
the sub-channels 211 or 212, to a middle line according to the position of the aperture 232 in the 
separation wall 231 . The particles are deflected by the field barrier between he focussing 
electrode 101 and the auxiliary electrode 103 or between the focussing electrode 102 and the 
auxiliary electrode 103, through the aperture 232, into the adjacent sub-channel or they are left in 
the respective sub-channel According to a preferred method, the focussing electrodes 101, 102 
are operated at various frequencies so as to act in a particle-selective manner. Accordingly, 
again selective particle sorting into the sub-channels, or deflection of predetermined particles to 
an adjacent sub-channel can be achieved to carry out a particular treatment of the active 
ingredient with the respective suspension liquid provided in said sub-channel. 

[0070] According to a particular aspect of the invention, the microelectrodes in the individual 
embodiments can be segmented per see However, in this case each microelectrode comprises a 
number of electrode segments which are arranged according to the desired electrode function. 
Fig. 10 shows a particularly versatile microelectrode 131 as an array of a multitude of pixel- 
shaped electrode segments arranged matrix-like. The electrode segments are arranged across the 
entire width of the bottom surface 21a between the spacers 23 and can be selected individually. 
This makes it possible to form the desired curved field barriers in particular according to the 
above-mentioned first variant, depending on the concrete application, in particular depending on 
the particles to be manipulated, the flow conditions and the task of the microsystem. In Fig. 13 
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the presently selected pixels are shown in black while the pixels which are not selected are 
shown in white. In this case the segmented microelectrode 131 assumes the function of a 
particle funnel according to Fig. 2 by means of which the particles 30 are focussed to the middle 
of the channel. 

[0071] The pixel-shaped electrode segments make possible loss-minimising focussing, sorting 
or collecting of particles. Each electrode segment can be selected with its own potential value 
(voltage) or its own frequency. In this way any specified dielectric force field can be generated 
along the channel. For example the influence of the flow profile can be compensated for in that 
the pixels arranged across the longitudinal direction of the channel are selected with a voltage 
which corresponds to the square root of the profile of the flow speed. 

[0072] The size of the electrode segments and spacings between the electrode segments are 
preferably smaller than the characteristic dimension of the particles to be manipulated, but they 
can also be larger. 

[0073] All particle manipulation takes place contact- free, so that the microsystems according 
to the invention are particularly suitable for manipulating biological cells or cell components. 

[0074] The microsystems are further characterised in that they may comprise apertures 
(inflows, through-flows, outflows) which can be closed off so that after or before centrifugation, 
the particles can easily be removed or inserted. Furthermore, all the microelectrode elements 
(holding electrodes for particles, microfield cages etc.) can be installed which are known per se 
for dielectrophoretic influencing of particles, and which are used in conventional microsystems 
which operate with flowing liquids. Based on the combined action of gravitational or centrifugal 
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forces with dielectrophoretic forces, the method according to the invention is an electrically 
controlled or active centrifugation. Furthermore, combinations can be provided with the effect 
of optical forces (laser tweezers), magnetic forces (influence on magnetic particles), or 
mechanical forces in the form of ultrasonic forces. 

[0075] Areas of application of the invention include in particular: cell separation / cell 
fractionation, cell sorting, cell loading (molecular, nano-particles, beads), cell discharge 
(molecular), cell permeation (so-called electroporation), cell fusion (so-called electrofusion), cell 
pair formation, and cell aggregate formation. 

[0076] The invention is not limited to particular solution liquids or suspension liquids. It is 
advantageous if the viscosity of the liquid contained in the microsystem is known. If the 
viscosity is known, the rotational speed for setting a particular particle speed can be determined 
on the basis of tabular values or by means of a program algorithm. Alternatively, it is however 
also possible to acquire the actual speed of the particles in the microsystem during centrifugation 
(e.g. by using an optical sensor) and to regulate the rotational speed for setting a particular 
particle speed. It can be provided that in various sub-sections of the channel structures, e.g. in 
parallel channels which are interconnected only via an aperture, liquids of various viscosity are 
contained. In this case however, viscosities are preferred which ensure that diffusion of the 
liquids through the aperture is relatively low or negligible over the entire period of 
centrifugation. 

[0077] If the mass density of the particles is less than that of the liquid in the microsystem, the 
invention can be implemented with corresponding modifications in that particles are introduced 
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on the side of the microsystem away from the axis of rotation. They then move to the other end 
of the microsystem under the influence of buoyancy or by the combined effect of buoyancy and 
centrifugal forces. 

[0078] The microsystem is designed corresponding to the channel structure and alignment of 
the electrodes in dependence on the particular application. As a rule, the cross-sectional 
dimensions of channels are significantly larger than the diameter of individual particles. 
Advantageously, this prevents blocking of the channels. If only particles with particularly small 
dimensions have to be manipulated (e.g. bacteria or viruses or cell organelles), then the channel 
dimensions can be reduced accordingly, e.g. to dimensions below 10 pm. 

[0079] The invention is implemented with a microsystem which is closed off at least on one 
side. The closed end can be a closed-off end of a channel, a closed-off collection zone or a 
closed-off hollow space in the microsystem. With particle manipulation according to the 
invention, there is essentially no movement of liquid towards the closed end. In particular with 
implementation of collection zones or hollow spaces at the closed-off end, this means that these, 
like the entire microsystem, are filled with the solution or suspension for the particles at the 
beginning of particle manipulation. 

[0080] If during manipulation of the particles, agglomerations or temporary blockages of the 
channel structures occur, according to the invention it is provided to temporarily increase the 
rotational speed of the centrifuge so as to detach the adhering particles and move them on. 
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